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ABSTRACT: This paper presents a comparative analysis between simplified and Finite Element Method (FEM) approaches for evaluating
seismic forces in circular tunnels, with a specific focus on the Algiers Metro as a practical case study, considering the Boumerdes earthquake
in 2003. The FE modeling was carried out under plane strain conditions, using the contraction method to phase the performed model and
incorporating the Volume Loss coefficient (VL). The behavior of soil and tunnel elements was considered linear elastic. Based on the maximum
strain rate of the soil medium, various simplified approaches existing in the literature were adopted in this study, including solutions proposed
by Wang (1993), Penzien (2000), Bobet (2003, 2010), and Park et al. (2009). The maximum shear strain rate was determined by plotting the
cumulative horizontal displacement of the soil profile and then using this value to deduce the vertical strain rate. Results indicate that increasing
VL values initially reduce axial thrust, followed by an increase. Shear force and bending moment proportionally increased with the VL ratio,
remaining within the practical range of simplified solutions. The best agreement between the simplified and FEM approaches was observed
when VL ranged between 1 and 2. Additionally, the total principal stresses around the tunnel increased with the VL ratio. This study highlights
the importance of estimating the appropriate maximum strain rate and VL ratio to achieve accurate results while using both simplified and

FEM approaches.
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1. INTRODUCTION

Tunnels have become one of the most important components of
infrastructure systems, as they play an important role in
transportation networks and measure the extent of development and
urbanization in the world’s major cities. Tunnels are among the most
secure structures in civil engineering. However, numerous
significant damages, such as fissures and collapses, have been
surveyed and reported worldwide in recent decades. High-magnitude
forces include earthquakes (e.g., the 1995 Kobe, Japan earthquake,
the 1999 Chi-Chi, Taiwan earthquake, the 2003 Boumerdes
(Algeria) earthquake, and the 2023 Kahramanmaras, Turkey
earthquake) that caused the majority of these damages. For this
reason, studies on developing tunnel designs that are more resistant
to seismic events have become very important. For the design and
construction of tunnels, seismic analysis is based on analytical
solutions, numerical analyses, and experimental studies. Identifying
internal forces and deformations through analytical and experimental
studies is difficult because it depends on various factors such as
adopted simplifications, data availability, and the accuracy of used
equipment. Several analytical solutions for the cross-section of a
tunnel have been developed to calculate the internal seismic forces
of tunnel linings (Hoeg, 1968; Peck et al., 1972; J. N. Wang, 1993;
Penzien and Wu, 1998; Penzien, 2000; A Bobet, 2003; Corigliano,
2007; Park et al., 2009; Antonio Bobet, 2010). These analytical
formulations are primarily based on the kinematic soil-structure
interaction and the relative stiffness method. However, various
conditions and assumptions, such as the elastic responses of the soil
and tunnel, seismic loading simulation in semi-static construction,
full-slip and no-slip conditions, and others, are also considered.
Tunnel seismic analysis is complex because it involves several
factors, such as seismic wave characteristics, regional geology,
geometry, and the behaviors of ground and tunnel materials. Due to
this complexity, numerous advanced software codes based on
numerical methods such as the Finite Element Method (FEM), Finite
Volume Method (FVM), and Finite Difference Method (FDM) have
been developed in recent years (Hashash et al., 2005; Corigliano et
al., 2011; Sandoval and Bobet, 2017; Singh et al., 2017; Salemi et
al., 2018; Sandoval and Bobet, 2020). Additionally, accurately
determining soil properties, such as stiffness and strength, with
accuracy is one of the main issues in numerical analysis. These
characteristics are obtained by combining the findings of various

laboratory and field tests (Surarak et al., 2012; Likitlersuang et al.,
2013a; Likitlersuang et al., 2013b; Likitlersuang et al., 2018;
Sukkarak et al., 2021a). Along with analytical and numerical
methods, researchers have used experimental studies to understand
better how tunnels react during earthquakes and to develop
approaches for building seismically resistant tunnels. Seismic
analysis experimental investigations generally involve subjecting
physical models of tunnels to various types of seismic stresses and
evaluating the resulting response using common experimental
methods such as shake table testing, centrifuge testing, and field
testing (Bilotta et al., 2009; Chen et al., 2010; Lanzano et al., 2015;
Tsinidis et al., 2020; Zhang et al., 2022). In recent years, several
numerical studies have shed light on various aspects of tunneling,
including examining settlements induced by tunneling, interactions
between twin tunnels, and the impacts of adjacent excavations on
existing structures. These studies demonstrate how numerical
methods can optimize tunnel design, for example, by minimizing
settlements and optimizing the spacing of twin tunnels, as well as
improving construction practices to protect nearby structures. The
results highlight the important role of numerical modeling in
predicting and mitigating risks associated with tunneling activities,
thereby ensuring the safety and stability of new and existing
underground infrastructure (Likitlersuang et al., 2014; Govindasamy
et al., 2020; Muenpetch et al., 2023; Phutthananon et al., 2023). The
tunnel-soil interaction phenomenon, an important part of the seismic
analysis, can significantly influence the seismic responses and
performance of tunnels, including changes in seismic force
distribution, deformation and stress in the tunnel lining and supports,
and the potential for damage. According to the literature, the
presence of a tunnel leads to the amplification of seismic waves on
the overground, with the maximum amplification occurring at the
tunnel-soil interface, particularly at short frequencies. Additionally,
reducing the tunnel depth results in a more intense ground seismic
response and greater seismic amplification. The presence of a soft
soil layer generally increases internal forces and deformations,
especially when a very soft soil layer intersects a flexible tunnel at
the springline. (Asheghabadi and Matinmanesh, 2011; Sun et al.,
2020; Alielahi and Feizi, 2021). The tunnel-soil-interface interaction
is significant as a full-slip interface results in a higher bending
moment in the tunnel compared to a no-slip condition (Choudhury et
al., 2019). These effects must be considered during tunnel design and
construction, as well as seismic performance evaluation and the
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development of mitigation strategies to reduce the risk of damage
and collapse during earthquakes (Jaw-Nan Wang and Munfakh,
2001). Other dynamic impacts, such as traffic and blast loads, should
not be overlooked in these strategies (Achouri and Amrane, 2020;
Achouri and Amrane, 2021; Cheng et al., 2021). This study
numerically investigates the seismic behavior of internal forces in
the Algiers Metro Project tunnel (extended line 1) due to the
horizontal and vertical components of the 2003 Boumerdes
earthquake. The soil and tunnel elements’ behavior are described
using the elastic constitutive model. Additionally, the study
investigated the efficacy of incorporating the maximum vertical
strain rate into existing simplified approaches to calculate internal
forces under the impact of the vertical seismic component,
comparing the results with those obtained through FE analysis
(FEA).

2. FINITE ELEMENT ANALYSIS

Under plane strain conditions, a numerical modeling study was
conducted using the FE software Plaxis2D. The case study involved
a 2D geometric model with 15-node triangular elements for the soil
and 5-node beam elements for the tunnel. The soil-tunnel interaction
contacts were modeled as fully rigid. According to Kuhlemeyer and
Lysmer (1973), the average element size (AES) condition was
considered in the mesh generation procedure, ensuring it did not
exceed A8 = Vs/8fmax. Here, A represents the wavelength
corresponding to the maximum frequency fmax of interest, and Vs is
the shear wave of the medium. Rayleigh damping was assumed in
this study where the damping matrix C is determined as a linear
relationship between the mass M and stiffness K matrices:

The Rayleigh coefficients ar and Sz can be estimated as:

ag + fron; = 205 2

In this context, £ represents the assumed damping ratio, and wy;
denotes two circular natural frequencies of the elements under study.
For this study, w; is considered as the fundamental circular
frequency of the site (SF), and w, is set equal to SSF (Kwok et al.,
2007).

To ensure a low numerical damping and stable solutions, this
study adopts the Newmark coefficients ay = 0.3025 and Sy = 0.6.
Other combinations are also viable (Hilber et al., 1977; Brinkgreve,
2003).

To mitigate the rise in shear and normal stress components at the
boundary, the viscous boundary approach proposed by Lysmer and
Kuhlemeyer (1969) was applied, using the relaxation coefficients
a=1and b = 0.25. These values are deemed effective in absorbing
boundary waves (Brinkgreve, 2003).

Based on the contraction method proposed by Vermeer and
Brinkgreve (1993), for computing ground movement due to
tunneling, the 2D modeling was phased as follows:

e Phase 1 (initial stage): Only initial stresses are generated
during this stage. Other than the soil domain, all components
remained inactive.

e  Phase 2 (construction stage): During this phase, tunnel liner
components are activated while soil cluster elements within
the liner are deactivated.

e  Phase 3 (construction stage): The tunnel lining is contracted
to simulate volume loss. The contraction rate was set at 0%
to 3%.

e Phase 4 (dynamic stage): The boundaries are handled as
viscous absorbent boundaries during this stage, and the
associated constants are defined. Furthermore, earthquake
loading time histories are applied along the model’s base.

3. SIMPLIFIED APPROACHES

Wang’s solution (1993) is employed as the initial interactive
analytical approach for comparison with the FEA results. This
approach is based on the compression and flexibility ratios (C, F)
proposed by Peck et al. (1972) to evaluate the tunnel rigidity relative
to the surrounding soil. Equations (3) and (4) evaluate the tensile and
bending rigidity relative to the lining, respectively.

Em(l—vlz)r

T Eit(+vp) (1-2vp) )
_ Ep(1-v])rd
T 6EI(1+vm) )

Here, I represents the moment of inertia of the tunnel lining per
unit width. E},, and v,;, denote the Poisson’s coefficient and elasticity
modulus of the medium. r,t and v; are the radius, thickness and
Poisson’s coefficient of the tunnel lining, respectively.

Assuming no-slip conditions, the axial thrust and bending
moment can be expressed as follows:

T(0) =K, (1+ )rymaxCOSZ (9 + ) (5

M) = K1 (1+ )rymaxcosz (9 + ) (6)

Here, K;and K, are Wang’s coefficients, and Y,y is the far-
field shear strain. The coefficients are defined as follows:

12(1-vp)
T 2F+5—6vy,

Q)

1

F[(1—va)—(1—2vm)C]—%(1—2vm)2+2

K, = 8

F[(3—2vm)+(1—2vm)c]+c[§—8vm+6v,2,,]+6—8vm

Penzien (2000) presented an analytical method for evaluating the
axial force, shear force, and bending moment in the tunnel lining due
to ovaling deflection under no-slip conditions as follows:

12EIRYmax
T(6) = —#_Vvlz)cos 2(0+7%) 9)
3EllRymax n
M(6) = ~ s cos 2 (6+5) (10)
12E1IRYmax -
V(o) = —#_}:/12)811’12(9 +%) a1

Penzien’s coefficients are:

_ 4(1-vp)
R=+ (a+1) (12)

_ 24E1(3—4Vpm)
d3Gm(1-v§) (13)

In the following, the presented relationships in the analytical
solution of Park et al. (2009) are discussed for circular tunnels due
to ovaling deformation under no-slip conditions:

% 4(1A Vs) {F + (— — vs) C+ 2} cos 2 (9 + %) (14)
= U G- cfeos2(04) a9
With:

5
A =F[(3—2v) + (1 —2v)Cl+C [E — 8, + GVSZ] +6—8v, (16)
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where, vs and Gs denote the shear modulus and Poisson’s
coefficient of the soil around the tunnel, y. is the mean free-field
shear strain, and A’ is the coefficient of coverage response under no-
slip conditions.

Based on the vertical and horizontal stresses (o, and o5,) and the
no-slip conditions, Bobet (2003) presented an analytical solution for
calculating the axial force and bending moment as follows:

Oy—

2"” (1 —Cy)rgcos(26)  (17)

T(6) = 222 (1 + Cro +
M(6) = 2222 (1 + C, + C3)rg cos(26) (18)

Bobet’s coefficients can be calculated as follows:

1—2v—(1—v)c+(1—2v)§

- 1+1-V)C+E 19)
(1-M2c+a-v)-[(1-v)c+412
C, =2 . A ; (20)
(1—v)2C+(1—v)(3—2v)+[(1—v)(5—6v)C+4(3—41/)];
_ l(l—v)C—Z—Cz[(l—v)C+4v]
(3 = 3 (1-v)C+2 €29
With:
_ EQ-vdr,
T EsAs(1—v?) (22)
_ EQ-vdrs
T Egl(1-v?) @3
For P-waves pressure:
_ (1-v)E
% = -2 Y 24
v
op = T oy (25)
g, = e (26)

Vp
&y 5 Vimax and Vp are the far-field vertical strain, the peak ground
velocity, and the ground pressure wave velocity, respectively.

For S-waves pressure:

E

Oy = mymax (27)

Op = — 0y (28)
Vmax

Ymax = Ve (29)

where, ¥imq, and V; represent the far-field shear strain and the
ground shear wave velocity.

Bobet (2010) proposed another analytical solution under the no-
slip conditions for determining 7 and M as follows:

T(0) = —(1 — C2)Gn¥maxTsin(26) (30)
M(8) = =2 (1 + Cy + C2)GnYmaxT?sin(26) 31)
With:

(1—va)ZC’+(1—2vm)—[(1—2vm)C’+4-]%
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, _ Eqr3(1-vi
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Here, C1, C2,C', and F’ denote Bobet’s coefficients.

4. CHARACTERISTICS OF SEISMIC ACTIVITY AND
REGIONAL ANALYSIS

On May 21, 2003, at 18:44 UTC (19:44 local time), a powerful
earthquake hit northern Algeria, according to the Algerian Center of
Research in Astronomy, Astrophysics, and Geophysics (CRAAG).
This event was classified as a shallow earthquake with a magnitude
of Mw = 6.8 and a focal depth of about 10 kilometers. CRAAG
identified the epicenter offshore at 3.58°E and 36.91°N, close to
Zemmouri village and about 50 kilometers from Algiers, where a
strong motion duration of about 10 seconds was registered. A seismic
moment of Mo= 2.4x10° Nm was estimated by the US Geological
Survey (USGS). The maximum PGA recorded during the earthquake
reached 0.58 g at 20 km from the epicenter and around 0.02 g up to
250 km. The region of Boumerdes—Algiers in Algeria, which is part
of'the Tell Atlas Mountains, constitutes a peri-Mediterranean section
of the plate boundary along with the Rif Mountains in Morocco and
the Betic Cordillera in Spain (Figure 1). This boundary is a result of
the converging movement between the African and Eurasian tectonic
plates, moving at a speed of approximately 4-6 mm annually.
Seismic activities in the region encompass both thrust and strike-slip
occurrences, indicating alterations in fault orientation and
segmentation. Aftershocks tend to cluster close to the primary
rupture plane, showcasing varied slip and segmentation influenced
by geological irregularities and structural intricacies. The seismic
event on May 21, 2003, led to an uplift of the coastline by 55 cm,
underscoring notable thrust faulting and causing extensive
destruction, including liquefaction. Evaluations of liquefaction
susceptibility in Boumerdes and neighboring areas unveiled
heightened vulnerability in specific locations. Despite Boumerdes
having a generally low liquefaction susceptibility, certain zones,
particularly in the vicinity of the Corso waterway, exhibit up to a
30% chance of liquefaction despite a safety margin above one.
Furthermore, the topographic amplification due to gradual inclines
resulted in severe harm to Corso. Data from the Boumerdes station
within the epicentral zone, along with the Dar el Beida and Hussein
Dey stations situated 29 km and 36 km away from the epicenter,
respectively, indicates that the observed destruction in these areas
can be attributed to site-specific impacts, notably the influence of
high soil modes. Nevertheless, nonlinear soil impacts did not hold
significant importance for numerous stations, and no direct
correlation between site effects and structural damage was identified.
The Boumerdes earthquake is significant in comprehending reverse
faulting occurrences along the San Andreas fault system in the Los
Angeles basin, owing to comparable transpressional tectonic settings
and shortening rates. Similarities are observed between the 1980 El
Asnam earthquake in Algeria and several earthquakes in California
(1983 Coalinga, 1984 Kettleman Hills, and 1987 Whittier Narrows
earthquakes ), all taking place beneath actively developing folds. The
1994 Northridge earthquake, a common blind thrust incident in the
northern Los Angeles basin, also displays these features. Given its
relatively large magnitude, availability of geophysical data, and
prompt response capability, the Boumerdes earthquake is
exceptionally valuable for examining post-seismic deformation in a
transpressional environment (Mahsas et al., 2008). Studies on the
seismic characteristics of Northern Algeria and Northern Thailand
indicate similarities that impact their assessments of hazard risk.
These evaluations take into account variables like ground motion
characteristics, attenuation models, liquefaction potential, site-
specific effects, and resonance, all of which are essential for
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comprehending the effects of earthquakes in these regions (Aoudia
et al., 2000; Bouhadad et al., 2004; Semmane et al., 2005; Laouami
et al., 2006; Harbi et al., 2007; Bensalem et al., 2010; Meslem et al.,

Bourenane et al., 2018; Laouami et al., 2018; Mase et al., 2018; Mase
et al., 2020; Tanapalungkorn et al., 2020; Mase and Likitlersuang,
2021; Mase et al., 2021; Qodri et al., 2021; Sukkarak et al., 2021b;

2010; Laouami and Slimani, 2013; Beneldjouzi et al., 2017; Mase et al., 2022a; Mase et al., 2022b).
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Figure 1 Map of the geological and tectonic framework of the 2003 Boumerdes epicentral area (Kherroubi et al., 2017)

5. CASE STUDY

Section 5, with a total length of 866.60 m in the central part of the
metro extension project, was chosen as the study case. The aim is to
investigate the behavior of the Algiers metro tunnel under the impact
of an earthquake loading (Figure 2). The tunnel is excavated using
the shield construction method and a tunnel boring machine (TBM).
The tunnel center and water table are 26.5 m and 16.21 m below the
ground surface, respectively. The soil is heterogeneous, with four
layers. The upper one is made up of 2 m thick embankments. This
layer sits on top of a 10 m thick slightly sandy silty clay. The latter
rises above a layer of silty-clayey sand and is topped by an 8-meter-
thick layer of sandstone. The marl layer below is where the tunnel is
excavated; its thickness is 30 meters. Tables 1 and 2 summarize the
characteristics of the soil profile and tunnel. The geotechnical soil
parameters were carefully and elaborately determined through a
combination of laboratory and field tests, following statistical
methodology to find characteristic values. Saturated unit weight (ysat)
was developed by saturating the soil samples and determining the
weight per unit volume of each unit volume. Dry unit weight (yary)
was found by drying the soil samples to zero moisture content and
determining the weight per unit volume. The Young's modulus in
undrained conditions (£u) was calculated from Pressuremeter Tests
(PT) corrected according to Menard's correlation (PTM). The
effective cohesion (c') was obtained based on direct shear tests (DST)
and the recommendations of Wilun & Starzewski (1972). The
undrained cohesion (cu) was estimated from the Standard Penetration
Test (SPT) and PT. The effective friction angle (¢') was obtained
from correlations with the plasticity index; for non-cohesive soils,
SPT and PT were used. Finally, the Poisson's ratio (v') was estimated

using the theoretical relations of Lambe and Whitman, with
adjustments to determine the drained (£') and undrained (Eu)
deformability moduli. Finally, permeability (k), which is the capacity
of the soil to allow the flow of water, it was determined by the
laboratory tests of Constant Head (CHT) and Falling Head
Permeability Tests (FHPT), in addition to the field tests.

Table 1 Soil characteristics

Properties Layers
Layer Layer Layer Layer
1 2 3 4
Saturated unit weight 2000 2100 2100 2000
[kg/m’]
Dry unit weight [kg/m?] 1700 1700 1800 1700
Young’s modulus 10000 37000 73000 76000
[KN/m?]
Poisson’s coefficient [/] 0.3 0.3 0.3 0.3
Cohesion [kN/m?] - 31 10 53
Friction angle [°] 20 21 35 20
Permeability [m/s] - 108 104 108
Table 2 Tunnel characteristics
EA EI y v Dout Din
[KN/m] [kN m?m] [KN/m?] - [m] [m]
1.575x107  2.658x10° 25 0.20 1020 09.30
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6. RESULTS AND DISCUSSIONS

The internal forces in the tunnel of the Algiers metro extension
project were studied using FE seismic analysis compared to
analytical solutions. Figures 4 and 5 show the horizontal and vertical
accelerogram components of the earthquake, recorded at Algiers’
Dar El Beida seismic station, which is 29 km away from the epicenter
(Laouami et al., 2006). Damping coefficients, a and S, for RC liners
and the surrounding soil, were determined using free vibration
analysis. The fundamental and third frequencies of the site were

determined using the DEEPSOIL software®, resulting in SF = 1.70
Hz and 5SF = 8.50 Hz, respectively. Equation (2) calculated the a
and f after knowing the SF and 5SF. Given a 10% damping of the
surrounding soil, & and f were calculated as 0.308 and 0.0045. For
2% damping in RC liners, the values a = 0.123 and = 0.0018 were
used. The boundary dimensions of the studied model were chosen
based on sensitivity analysis up to a stable analysis (Figure 3). Fixed
boundary conditions were applied at the bottom and lateral
boundaries.
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Figure 3 2D Numerical model built with Plaxis
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Figure 4 Horizontal accelerogram component of the 2003 Boumerdes earthquake
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Figure 5 Vertical accelerogram component of the 2003 Boumerdes earthquake

The shear strain value yyax is an important parameter in the
internal forces calculations in the analytical solutions discussed
above. Figure 6 depicts the results of an equivalent linear site
response analysis using DEEPSOIL program to plot the cumulative
displacement profile. The slope of the cumulative displacement
profile within the tunnel horizon, from a depth of 21.4 m to 31.6 m,
can be used to calculate the shear strain within the tunnel horizon. In
this study, the shear and vertical strains values were determined to
be Ymax = 0.26 and &, = 0.16. The €,,¢ value can be deduced
from ypax and Vyax values using Equations 26 and 29. Figure 7
compares the results of the FE analysis (FEA) with analytical
solutions for the horizontal seismic component, considering varying
contraction coefficient values (volume loss ratio, VL). This figure
demonstrates that varying the VL value influences the behavior of
internal forces. Specifically, the axial force in the tunnel liner takes
negative values when VL < 1%, alternates between positive and
negative values when 1% < VL < 1.50%, and becomes consistently
positive for VL > 1.50%. This variation tendency can also be

00 m

observed in some works, such as (Chehade and Shahrour, 2008;
Amorosi and Boldini, 2009; Argyroudis and Pitilakis, 2012; Kontoe
et al., 2014). Convergence between the solutions by Wang, Bobet
(2010), Park et al., and the FE results are observed at VL = 1.25%.
The values obtained from Bobet (2003) and Penzien's solutions are
located between the results for two FE cases with VL values of
0.75% and 1.75%. Penzien’s solution values for shear force
practically align with the envelope of the FE values. A similar
tendency is observed for the bending moment, where analytical
solutions are generally within the envelope of the FE values, except
for Bobet’s (2003) solution, which shows larger values. As depicted
in Figure 9, the internal forces exhibit the same behavior under the
impact of the vertical component as observed in the horizontal
component. In Figures 8 and 10, the distribution of internal forces in
the tunnel liner is plotted using Plaxis software, with VL = 1.25% for
the horizontal component and VL = 1.5% for the vertical component,
respectively.

0.05
Displacement (m)

0.1 0.15

Figure 6 Cumulative displacement of the soil profile performed with DEEPSOIL
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Figure 7 Internal forces distribution in the tunnel liner due to horizontal seismic component; comparison between analytical
solutions and FEA
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Figure 8 Internal forces distribution in the tunnel liner due to horizontal seismic component; plotted by Plaxis for VL = 1.25%
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Figure 10 Internal forces distribution in the tunnel liner due to vertical seismic component; plotted by Plaxis for VL = 1.5%

By varying the contraction coefficient values, Figure 11
compares the absolute internal forces of the analytical solutions with
FEA results due to horizontal seismic component. The absolute axial
thrust decreases as the contraction coefficient value increases until it
enters the envelope of the analytical solutions values, then increases
again at VL = 1.25%. The shear force values of the FE elastic
analysis coincide with Penzien’s solution results of 1% < VL <2%
and the difference can reach up to +8% outside of this interval.

Increasing the contraction coefficient increases the FE bending
moment values while remaining within the analytical solution
envelope values. These values coincide with the solutions proposed
by Bobet (2010) and Park et al. when VL < 0.75%. Moreover, the
values agree with Wang and Penzien’s solutions when VL > 1.75%.
The variation range can be up to 23%.
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Figure 11 Absolute internal forces in the tunnel liner due to horizontal seismic component; comparison between analytical solutions

and FEA
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Figure 12 illustrates the comparison between the absolute
internal forces of analytical solutions and the results from FEA for
the vertical seismic component. The absolute axial thrust initially
decreases with an increase in the contraction coefficient value until
it falls within the envelope of analytical solutions, then rises again at
VL = 1.5%. The shear force values from the FE analysis align with
Penzien’s solution results for 1.25% < VL < 2.25%, with differences

reaching up to +23% outside this range. The increase in the
contraction coefficient raises the FE bending moment values,
remaining predominantly within the analytical solution range. These
values approach the solutions suggested by Bobet (2010) and Park et
al. when VL < 1.5% and those of Wang and Penzien when VL >
1.5%. The range of variation can extend up to +10%.
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Figure 12 Absolute internal forces in the tunnel liner due to vertical seismic component; comparison between analytical solutions
and FEA
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Figures 13 and 14 illustrate the total principal stresses resulting
from the horizontal and vertical seismic components, taking into
account the effect of the VL ratio. Increasing the VL ratio value from
0% to 3% can lead to a 62% increase in total principal stresses around
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the tunnel under the impact of the horizontal seismic component and
a 50% increase for the vertical component. This is evident in the
degree of stress concentration around the tunnel.
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Figure 13 Total principal stresses due to horizontal seismic component
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Figure 14 Total principal stresses due to vertical seismic component

7. CONCLUSIONS

This paper studies the complex relationship between the contraction
coefficient and internal forces in circular tunnels under seismic
loading. Through FEM analysis and comparison with simplified
analytical approaches, it is demonstrated that variation in the
contraction coefficient significantly impacts axial thrust, shear force,
bending moment, and total principal stresses. On the other hand,
excellent alignment with simplified methods for the specific
contraction coefficient ranges offers practical utility, in particular
during preliminary design stages. These are quite notable results
considering this study, yet its scope is limited to investigations
relating to elastic forces and to contractive coefficients, and seismic
loading. However, the study results are valuable for tunnel
engineering, guiding design modifications, and safety evaluations.
Future research should explore nonlinear behaviors, validate the
results using field data, and enhance seismic design practices for
underground structures.
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